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TitaniumDiamond ﬁlms grown on three-dimensional (3D) porous titanium substrate were obtained by hot ﬁlament
chemical vapor deposition (HFCVD) technique. The growth parameters strongly inﬂuenced the ﬁlm
properties during this complex ﬁlm formation process. The pressure inside the reactor as well as the
methane concentration showed their inﬂuence on the ﬁlm morphology, quality, and growth rate. The
substrates were totally covered by a diamond coating including deeper planes leading to a 3D porous
diamond/Ti composite material formation. The sp2/sp3 ratio as “purity index” (PI) and the “growth tendency
index” (GTI), evaluated from Raman and X-ray spectra respectively, were obtained for these composite
materials as a function of their growth parameters.: +55 12 3945 6717.
vier OA license. © 2010 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
The unique combination of metallic foam properties for instance
mechanical, thermal, electrical, acoustic properties, and low density
[1] makes it a novel material that offers a wide range of applications,
such as shock and impact energy absorbers, dust and ﬂuid ﬁlters,
engine exhaust mufﬂers, porous electrodes, high temperature gaskets,
silencers, ﬂame arresters, heaters, heat exchangers, catalyst supports,
construction materials and biomaterials [2–7]. Diamond ﬁlms grown
on dense Ti and Ti alloys by Hot Filament Chemical Vapor Deposition
(HFCVD) technique have recently been performed in order to improve
titanium properties [8–10]. However, several factors are found to limit
the use of diamond-coated titanium substrates. One of them is the
poor adhesion of diamond ﬁlm and titanium substrate due to the
difference between their thermal expansion coefﬁcients.
The study of the experimental parameters on diamond nucleation and
growth rate using metallic foam Ti substrates is a complex process. This
study needs to consider the whole growth process in the three-
dimensional substrate surface plane as well as in its inner surfaces
deﬁned as the surfaces formed by planes, holes, declivities, pores, walls or
rods. In addition, the contributions related to a continuous ﬁlm formation
which covers the external and inner planes must be considered because
the plane edges demand different growth rates to avoid causing the ﬁlm
ﬁssure and/or pilling off on theﬁlm. Besides, the rapid in-diffusion of light
elements formingnon-diamond species promotes the hydrides formation
which cause a degradation of the mechanical properties of the Tisubstrates [11,12]. Moreover, an interfacial TiC layer formation may
minimize the residual thermal stress between substrate and diamond
ﬁlm. In order to determine the structural dependencies between titanium
substrate and interfacial layers an optimal growth process is needed to
assure an acceptable coating quality.
Thus, a systematic study of diamond formation on porous Ti
substrate is presented. The ﬁlm morphology was analyzed by scanning
electron microscopy (SEM) and the images evolution was associated to
the sp2/sp3 ratio as “purity index” (PI) and to the “growth tendency
index” (GTI) [9], evaluated from Raman and X-ray spectra, respectively.
The PI was calculated from the following equation:
PI =
ID
ID +
Ic
50
;
where ID and IC correspond to the integrated Raman peak intensity of
diamonds at around 1332 cm−1 and to the non-diamond carbon
phases at 1350 and 1550 cm−1, respectively.
The ﬁlm crystallinity and its phase compositions were estimated by
X-ray diffraction (XRD). The free carbon radicals produced during gas-
phase reactions that reach to the substrate surface are mainly either
involved in the formation of TiC through bulk diffusion into the titanium
phase, or take part in the diamond ﬁlm formation by surface diffusion.
Someof these radicals are alsoused to formnon-diamondcarbonphases,
but they are not detected by XRD measurements. The quantity ratio of
carbon in the TiC phase and in the diamond phasewas evaluated by GTI,
GTI =
AD
ATiC
;
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area of diamond peak (111) and of the TiC peaks (111) and (200) in the
range of 2θ from 34 to 45°. The GTI can give information on the
competition of available carbon atoms between surface diffusion and
bulk diffusion. A higher GTI value indicates a larger fraction of total used
free carbon radicals participating in the diamond deposition reaction.
Consequently, GTIN1 indicates that from the total carbon available, its
highest amount was used to grow (111) diamond, whereas GTIb1
indicates that this amount was used in the diffusion process on the
titanium volume leading to the TiC formation. The PI and GTI values
were evaluated as indicators of diamond/porous titanium quality in
addition to the TiC interlayer formation.
2. Experimental details
Ti substrates were prepared by powder metallurgy which
permitted their porosity control. Hydride–dehydride (HDH) tech-
nique [13] was used to produce Ti powders with different particle
sizes at 500 °C in a vertical furnace for 3 h under a pressure of 10−5 Pa.
After cooling, Ti powders in the range of 250–350 μm were uniaxialy
pressed in an inﬂexible mold by applying 100 MPa. Samples were
sintered at 1200 °C under 1×10−5 Pa. Ti compact crystal structure
was analyzed by a Philips PW 1830 X-ray diffractometer and its
morphology was observed by SEM from a Jeol equipment JSM-5310,
also used to characterize diamond ﬁlms.
A detailed morphological and structural characterization of these
porous Ti substrates obtained by powder metallurgy was previously
discussed in other work [14]. The substrate obtained in the
experimental conditions described above is characterized by a
three-dimensional (3D) porosity. In this kind of porosity the surface
and bulk material are provided by planes, declivities, pores, walls or
rods, so that a water drop can pass through the sample. That is, a
water drop placed in the top surface of the sample will pass through
its pores or channels and will reach the opposite sample side. So, the
pores in the sample are open and interconnected, forming a pore net.
For the purpose of this work it is important to point out that the pores
or channels formed from the powder metallurgy process in these
kinds of substrates are macrometrically sized. Therefore there are no
pore size limitations related to the gas penetration during the
diamond growth by the HFCVD process.Fig. 1. SEM images of the CVD diamond ﬁlms grown on pure porous Ti substrates. The grow
kept constant: (a) and (d) 2.67 kPa; (b) and (e) 4.67 kPa; and (c) and (f) 6.67 kPa. [a, b andDiamond ﬁlms were grown on porous Ti substrates by HFCVD
technique at substrate temperature of 600 °C and their growth
parameters have already been optimized in previous work [15]. A
slow temperature decrease was used to thermal stress relief to
avoiding some ﬁlms cracks during the cooling to room temperature.
The pressure values of 2.67, 4.67 and 6.67 kPa; growth times of 4 and
6 h; and CH4 concentrations of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 vol.% were
used diluted in H2 for a total gas ﬂux of 100 sccm for all experiments.
Samples were kept in the reactor under two pairs of parallel tungsten
ﬁlaments (250 μm diameter) pre-carburized for 30 min. Sample
temperature was measured by a thermocouple inside the substrate.
The substrates were ultrasonically pre-treated in a suspension of
0.25 μm diamond powder in hexane. The diamond quality was
obtained from Raman spectra recorded by a Renishaw microscope
system 2000. Diamond crystal structure was analyzed by a Philips PW
1830 X-ray diffractometer.3. Results and discussions
3.1. Diamond/porous titanium as a function of pressure variation
During the growth process the pressure inside the reactor may
inﬂuence the ﬁlmmorphology, quality and nucleation rate. Fig. 1 shows
the surface SEM images for diamond/porous titanium surfaces
depositedwith 2.67 kPa (1.a), 4.67 kPa (1.b) and 6.67 kPa (1.c). Growth
time of 4 h, substrate temperature at 600 °C and CH4 concentration of
1.0 vol.% were kept constant. The images show that for lower pressures
of 2.67 and 4.67 kPa the diamondmorphology is formed bywell faceted
crystals with (111) and (100) orientations. For high pressure value of
6.67 kPa, the ﬁlmmorphology changed to a “cauliﬂower like” formation
with smaller grains, mainly attributed to a secondary nucleation
process, caused by the high nucleation rate in the ﬁrst ﬁlm growth
stage. The pressure effect, particularly for ﬁlm deposition on tridimen-
sional substrates, is associated to the free pathway of radicals present in
the gas phase that increases as pressure decreases. This behavior
contributes to the increase of the etching rate of free radicals and,
consequently, to increase the active sites on the substrate surface
permitting the production of a large number of such radicals present in
the inner titanium planes and holes that are far from the ﬁlaments.th time of 4 h, substrate temperature at 600 °C and CH4 concentration of 1.0 vol.% were
c are respective to top surface images; d, e, and f are related with more internal planes].
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diamond ﬁlms on porous Ti. Images 1.d, 1.e and 1.f represent the
deeper planes of such substrate that are also recovered (as expected)
by diamond coating, corresponding to the three pressures studied of
2.67, 4.67 and 6.67 kPa, respectively. The best diamond formation is
clearly identiﬁed on Fig. 1.d, for ﬁlm obtained in the lowest pressure,
where even in the internal surfaces, edges and bottom holes, good
quality and completely closed diamond coating was observed. This
ﬁlm performance is associated to the highest amount of active sites
available for diamond nucleation when the lowest pressure is kept
inside the reactor. Fig. 2 shows that the PI maximum is obtained for
2.67 kPa. This indicator conﬁrms that the highest pressure value
induces the lowest ﬁlm quality. This ﬁlm quality decrease may be
explained by the high nucleation rate necessary to form the
“cauliﬂower like” morphology introducing a negative effect in the
diamond growth with large number of defects and non-diamond
phase in the diamond ﬁlm [16].
Otherwise, for the internal planes and holes, nucleation rate
increases associatedwith the pressure decreasesmay be related to the
TiC interlayer formation. Since the pressure reduction increases the
free path way of the hydrogen radicals formed on the ﬁlament region,
a high number of such radicals reaches more easily the inner surfaces
of porous Ti. Then, the pressure reduction permits the atomic
hydrogen to reach Ti regions far from the ﬁlaments producing carbon
species to react with the Ti surface.
Despite the fact that Ti metallic properties make the cutting of a
sample cross section difﬁcult, it was possible frompreviouswork [17] to
visualize using SEM images a depth proﬁle higher than 50 μm for
diamond ﬁlm recovering. Moreover, it was possible to produce some Ti
recovered with diamond which presented good electrochemical
response [18]. This behavior is an indication that Ti matrix was totally
recovered with the diamond ﬁlm presenting good diamond inﬁltration
from surface top to different internal planes that are sufﬁcient to
consider this sample as a 3D composite material.
For deposition to take place, a competition process using these
carbon species starts between the surface diffusion to form diamond
and the diffusion into Ti matrix to form TiC. In this stage, if a larger
amount of carbon radicals react forming TiC, the carbon atoms of the
external coordination sphere of the titanium carbide might also act as
active sites to diamond nucleation. This effect justiﬁes the nucleation
density increase, in the inner planes, as the pressure decreases.
The pressure inﬂuence on the deposition process is very complex
and may be analyzed considering that the radical concentrations
produced in the gas phase are proportional to the pressure of the
reactant gases [19]. For high pressures, the increasing shock amongFig. 2. Dependency of the “purity index” (PI) and “growth tendency index” (GTI) with
the total gaseous pressure.the reactant particles may produce carbon radicals with higher
stoichiometry than that for pressure of 2.67 kPa. Therefore, carbon
radicals such as CxHy (x≥1, y≥1) will be produced. For high pressure
values as in the case of 6.67 kPa, a large amount of atomic hydrogen
able to etch these radicals will be formed and themain consequence is
that a crescent number of free valences or active sites will generate a
crescent number of bonding between the carbon atoms. Another
point is that these kinds of radicals present a negative inﬂuence in the
diamond growth which explains the decrease in diamond ﬁlm quality
with pressure increase, as observed in Fig. 2. The aspects discussed
above contribute for the renucleation rate increase and explain the
“cauliﬂower like” texture presented by the ﬁlms obtained at high
pressures.
The contributions explained above make it clear that the substrate
also presents a strong inﬂuence on the deposition process. From the
XRD analyses, the present phases associated to their relative
intensities were evaluated as a GTI indicator, considering the surface
as well as the interface contributions. Fig. 2 shows an inversion in the
GTI values. As the pressure increases the diamond growth tendency is
higher than the tendency to form TiC.When the diamond ﬁlm starts to
grow the carbon diffusion in the titanium matrix becomes more
difﬁcult and the TiC formation decreases. In this stage the diamond
formation is dominant and explains the GTI increase with pressure
increase. To sum up, the pressure of 2.67 kPa was the best value to
growth diamond on porous Ti substrate.
3.2. Diamond/porous titanium as a function of the growth time
To study the inﬂuence of growth time for the total recovering of
diamond coating on porous Ti substrate the chosen parameters were:
pressure of 2.67 kPa, substrate temperature at 600 °C, CH4 concentra-
tion of 1.0 vol.% whereas the growth time varied from 4 to 6 h. The
results show that a signiﬁcantmorphology change did not occur, where,
as expected, only the diamond grains are larger for a ﬁlm grown during
6 h than those for ﬁlm formed for 4 h. Nonetheless, analyzing SEM
images (not shown), concerning the inner planes, the growth timeof 4 h
wasnot sufﬁcient to forma continuous coating in deeper regions of such
porous sample. On the other hand, for a ﬁlm grown with 6 h, its
continuity is clear in deeper regions and holes. It is important to point
out that this total ﬁlm recovering was also obtained for growth times
higher than 6 h. However, in deposition times higher than 6 h the ﬁlms
became thicker and some ﬁlm cracks appeared.
These results are in agreement with the literature for diamond
ﬁlms on Ti substrate [20,21]. In general, short growth times are
insufﬁcient to cover the substrate whereas long growth times may
lead to the ﬁlm cracks and pilling off depend on its thickness. Also, this
control is important because the shorter the deposition time, the
shorter the time that the Ti matrix will be exposed to the atomic
hydrogen inﬂuence. So, the growth time of 6 h was considered more
suitable in this study.
3.3. Diamond/porous titanium as a function of the methane
concentration
From the optimized parameters of pressure and growth time, the
methane concentration also presented a signiﬁcant contribution in
the ﬁlm morphology and quality. Fig. 3, images (a–e) show the
morphology evolution on the surface external plane for ﬁlms grown
with 1.0, 1.5, 2.0, 2.5 and 3.0 vol.% CH4, respectively, while the images
(f–j) represent the morphologies of their inner planes and holes. In
general, Fig. 3 shows that a crescent decrease in the diamond grain
size occurred with the methane increase and also the (100)
orientation became more evident for ﬁlm with 2.5 and 3.0 vol.%
CH4. From the literature, it is known that in HFCVD reactors the
diamond nucleation density on silicon substrate increases with the
methane concentration increase [22,23]. The secondary nucleation
Fig. 3. SEM images of the CVD diamond ﬁlms obtained at different methane
concentrations. The pressure of 2.67 kPa, substrate temperature at 600 °C and growth
time of 6 h were kept constant. Top surface images: (a) 1.0%; (b) 1.5%; (c) 2.0%; (d) 2.5%
and; (e) 3.0%. More internal plane surfaces: (f) 1.0%; (g) 1.5%; (h) 2.0%; (i) 2.5%; and (j)
3.0%. The circled areas in images in (i) and (j) evidence the ﬁssures in the respective ﬁlms.
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with 1.5 vol.% CH4 (Fig. 3.g) where the nanocrystalline morphology
became dominant in the inner substrate regions.
A more detailed investigation shows that for inner planes, where
the gaseous composition is rareﬁed, the “cauliﬂower like”morphology
is dominant. This behavior is associated with the nucleation rate
inﬂuenced by the gaseous composition. Habner and Lux [24] have
discussed that at temperatures deposition lower than 800 °C the
microstructure formed by faceted diamond is dominant for methane
concentrations lower than 8 vol.% that are in good agreementwith our
results for the ﬁlm external surfaces. Otherwise, for the substrate
inner regions (images f–j) a governing factor to form the “cauliﬂower
like” morphology is the low concentration of atomic hydrogen and
carbon radicals, which directly inﬂuenced the sp2 carbon etching and
the TiC formation, respectively.
Fig. 4 shows a crescent increase in the “purity index” (PI) for ﬁlms
grown up to 2.0 vol.% CH4. The PI indicator decreases in the upper and
lower ranges of methane concentration. The initial methane concen-
tration is related to the C and H concentration ratios on the substrate
surface [25]. For methane concentrations lower than 1.0 vol.%, an
insufﬁcient carbon radical numbers were produced during the
reaction in the gas phase. Consequently, for some regions of the
growth surface the C/H ratio was low and the diamond did not form as
a continuum coating. This behavior was observed for ﬁlm grown with
0.5 vol.% of CH4 (image not shown). For methane concentrations
higher than 1.0 vol.% a large number of carbon radicals was produced
and reached in the growth surface leading to a high C/H concentration
ratio. Due to the high afﬁnity between carbon and titanium, the high
carbon concentration makes easier the TiC formation. The high
quantity of non-diamond carbon increased because the atomic
hydrogen etching was not effective for sample grown with 2.5 vol.%
of CH4. Furthermore, the GTI decrease showed that the carbon
diffusion to form TiC predominated over the diamond formation for
this methane concentration. This result permits to associate the
secondary nucleation process with the dominance in the TiC
formation. Also, for ﬁlm grown with 3.0 vol.% of CH4, the huge
amount of carbon on the gas phase commanded the non-diamond
phase formation which was directly observed in the PI decrease. The
cracks presence observed in 3.i and 3.j images indicates that methane
concentrations higher than 2.0 vol.% were insufﬁcient to avoid the
substrate hydrogenation process. In this sense, the cracks were more
evident for internal planes than those for surface planes and there is
not a complete explanation for this behavior. From our results the
methane concentrations between 1.0 and 2.0 vol.% were chosen asFig. 4. Dependency of the “purity index” (PI) and “growth tendency index” (GTI) with
the methane concentration.
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substrate is a complex process and further investigations must to be
done.4. Conclusions
This study permitted to understand some basics aspects related to
diamond deposition process on tridimensional porous Ti substrate.
The combined techniques of SEM, Raman spectroscopy and XRD
produced interesting results analyzing the PI and GTI as indicators of
the ﬁlm quality and of the competition between diamond and TiC
phase formations. The PI index was directly dependent on the
experimental results employed during the diamond ﬁlm growth. For
the experimental conditions the C/H ratio increased the free path way
of free radicals or provided their ideal concentration in the gas phase.
In this case, the increase of the PI index indicated the ﬁlm quality
increase. Besides, the GTI index also increased as a result of the B/C
ratio increase. Therefore, based on these indexes the experimental
parameters were optimized with success as following: pressure of
2.67 kPa, deposition time of 6 h and CH4 concentrations between 1.0
and 2.0 vol.% to produce good quality and adherent diamond ﬁlms.
These optimal experimental parameters are characteristics of this
kind of Ti substrate presented in this work and are directly related
with its three-dimensional porosity.Acknowledgements
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